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Role of Sec61a in the Regulated Transfer of the
Ribosome±Nascent Chain Complex from the Signal
Recognition Particle to the Translocation Channel
binding site for the SRa subunit (Young et al., 1995).
However, the membrane anchor of Saccharomyces cere-
visiae SRb is dispensable in vivo suggesting that mem-
brane attachment of the SR via SRb is not crucial for
SR function (Ogg et al., 1998). A recent report suggests
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that RNCs bind to SRb in a GTP-dependent manner
resulting in hydrolysis of GTP by SRb (Bacher et al.,
1999).Summary
The heterotrimeric Sec61 complex forms the struc-
tural core of the protein translocation channel (GoÈ rlichTargeting of ribosome±nascent chain complexes to
the translocon in the endoplasmic reticulum is medi- et al., 1992). As visualized by electron microscopy, the
channel consists of a quasipentagonal oligomeric poreated by the concerted action of the signal recognition
particle (SRP) and the SRP receptor (SR). Ribosome- composed of three to four Sec61 heterotrimers (Hanein
et al., 1996). A three-dimensional image reconstructionstripped microsomes were digested with proteases to
sever cytoplasmic domains of SRa, SRb, TRAM, and of a ribosome bound to the yeast Sec61 complex reveals
a single point of attachment that aligns the translocationthe Sec61 complex. We characterized protein translo-
cation intermediates that accumulate when Sec61a or channel with the ribosome exit site for the nascent poly-
peptide (Beckmann et al., 1997). Nascent polypeptidesSRb is inactivated by proteolysis. In the absence of a
functional Sec61 complex, dissociation of SRP54 from contact Sec61a at all stages of transport across the
RER (Mothes et al., 1994); hence, the transmembranethe signal sequence is blocked. Experiments using SR
proteoliposomes confirmed the assembly of a mem- (TM) spans of Sec61a form the hydrophilic protein-con-
ducting channel across the RER that has been detectedbrane-bound posttargeting intermediate. These results
strongly suggest that the Sec61 complex regulates the by biophysical techniques (Simon and Blobel, 1991;
Crowley et al., 1993). In addition to the SR and theGTP hydrolysis cycle of the SRP-SR complex at the
stage of signal sequence dissociation from SRP54. Sec61 complex, SRP-dependent translocation of most
polypeptides across reconstituted proteoliposomes re-
quires the integral membrane protein TRAM (GoÈ rlich andIntroduction
Rapoport, 1993), which is thought to be a peripheral
component of the translocon. One role of TRAM in pro-Protein translocation across the mammalian endoplas-
tein translocation is to facilitate insertion of the nascentmic reticulum is mediated by a surprisingly small number
chain into the Sec61 channel following the initial interac-of protein components that cooperate to accomplish
tion between the signal sequence and Sec61a (Voigt etthe selective attachment of a ribosome±nascent chain
al., 1996).complex (RNC) to a protein-conducting channel in the
Sec61 channels that are not engaged in translocationrough endoplasmic reticulum (RER) (as reviewed by
are likely occluded by nontranslating ribosomes, as theWalter and Johnson, 1994; Rapoport et al., 1996). The
channel has a high affinity for the ribosome (Kalies et54 kDa subunit of the signal recognition particle (SRP)
al., 1994). Nonetheless, 80S ribosomes do not competebinds to the hydrophobic core of the signal sequence
with SRP-RNC complexes for attachment to the translo-as the nascent polypeptide emerges from the large ribo-
con (Neuhof et al., 1998; Raden and Gilmore, 1998),somal subunit. Selective targeting of the SRP-RNC to
suggesting that a dormant ribosome can be displacedthe RER is driven by the interaction between SRP and
from the Sec61 complex by an SRP-RNC. Efficient trans-the SRP receptor (SR), a heterodimeric membrane pro-
fer of an RNC from the SRP-SR complex to the transloca-tein that is restricted to the RER. The interaction be-
tion channel may necessitate a mechanism that inhibitstween the SR and the SRP-RNC results in the GTP-
signal sequence dissociation from SRP54 if the adjacentdependent dissociation of the nascent polypeptide from
Sec61 complex is occupied by a translating ribosome.SRP54 (Connolly et al., 1991) and transfer of the signal
To test this hypothesis, we sought conditions that wouldsequence to Sec61a. The GTPase cycles of SRP54 and
cause the accumulation of translocation intermediatesSRa are obligatorily coupled (Connolly and Gilmore,
that precede RNC transfer from SRP to the Sec61 com-1993; Powers and Walter, 1995), as neither SRP54 nor
plex. Digestion of ribosome-stripped microsomes sev-SRa stably binds GTP prior to the assembly of an SRP-
ers SRa, TRAM, Sec61a, and Sec61b. Reconstitution ofSR complex (Rapiejko and Gilmore, 1997). GTP binding
Sec61 complex±deficient membranes with SRa yieldedto SRP54 is thought to reduce the affinity between
microsomes that were defective in SRP-dependentSRP54 and the signal sequence (Miller et al., 1993), while
translocation and accumulated a GTP-stabilized com-GTP binding to SRa enhances the affinity between SRP
plex between the SR and an SRP-RNC. A GTP-stabilizedand the SR (Rapiejko and Gilmore, 1997). GTP hydrolysis
intermediate was also formed when SRP-RNCs wereallows dissociation of the SRP-SR complex (Connolly
incubated with SR proteoliposomes. We propose thatet al., 1991). One role for SRb is to provide a membrane
the GTP hydrolysis cycle of the SRP-SR complex is
regulated by the Sec61 complex at the level of signal* To whom correspondence should be addressed (e-mail: reid.
gilmore@umassmed.edu). sequence dissociation from SRP54.
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Figure 1. Protein Immunoblot Analysis of Protease-Digested PK-RM
Aliquots of the TX-PK-RM (A), CX-PK-RM (B), and V200-PK-RM (C) were resolved by PAGE in SDS, transferred to PVDF membranes, and probed
with antibodies to SRa, SRb, ribophorin I (RI), TRAM, the N terminus of Sec61a [Sec61a (N)], the C terminus of Sec61a [Sec61a (C)], Sec61b,
and Sec61g. In (B), a darker exposure of the Sec61a (C) blot is shown to visualize the 8 kDa C-terminal fragment. The apparent molecular
weight of Sec61a and ribophorin I digestion products was estimated by comparison with molecular weight markers. In (C), the 50 kDa
ribophorin I fragment and the 30 kDa Sec61a fragment are marked by arrowheads.
(D) The topologies of SRa, SRb, ribophorin I, TRAM, Sec61a, Sec61b, and Sec61g in the ER membrane are shown. The relative size of the
cytosolic and lumenal tails and loops of the Sec61 subunits and the TRAM protein are shown.
(E) Protease-digested PK-RM were resolved by PAGE in SDS adjacent to 35S methionine-labeled Sec61a274 and Sec61a393. The following
PK-RM samples were analyzed: (a) T0, (b) T1, (c) T10, (d) C1, (e) C5, (f) V200, (g) Sec61a274, and (h) Sec61a393. After the ECL image was obtained,
the PVDF membrane was exposed to X-ray film to detect Sec61a274 and Sec61a393.
Results an N-terminal domain that binds to SRb and the C-ter-
minal 52 kDa segment that contains the GTPase do-
main (Lauffer et al., 1985). The 50 kDa lumenal domainProteolysis of the SR, TRAM, and the Sec61 Complex
in Ribosome-Stripped Microsomes of ribophorin I (RI), an oligosaccharyltransferase sub-
unit, was the limit digestion product demonstrating thatProteases were used to sever the cytoplasmic domains
of protein translocation components to obtain micro- the microsomes remain impervious to the proteases
(Figures 1A±1C). Intact TRAM protein was not presentsomes that were defective in protein translocation. To
enhance protease access to the Sec61 complex (Kalies in the T1-PK-RM (Figure 1A); traces of TRAM were de-
tected in C1-PK-RM (Figure 1B), while 30% of the TRAMet al., 1994), the microsomes were incubated with puro-
mycin and extracted with high salt to detach ribosomes protein was not digested by endoproteinase Glu-C (Fig-
ure 1C). Immunoreactive membrane-bound fragmentsfrom the translocon. The puromycin-high salt extracted
rough microsomes (PK-RM) were digested with trypsin, of TRAM were not produced by cleavage with either
trypsin or chymotrypsin. The TRAM protein has eightchymotrypsin, or endoproteinase Glu-C (see the Experi-
mental Procedures) and are designated respectively as predicted membrane-spanning segments with both the
N and C termini facing the cytoplasm (Figure 1D). AsTX-PK-RM, CX-PK-RM, and VX-PK-RM, where the sub-
script X denotes the concentration of protease, in mg/ the antibody to TRAM was raised against a synthetic
peptide corresponding to the TRAM C terminus, loss ofml, used for the digestion.
The topologies of the SRP receptor, ribophorin I, the TRAM immunoreactivity cannot be equated with exten-
sive degradation of TRAM.TRAM protein, and the Sec61 complex are diagrammed
in Figure 1D. Protein immunoblot analysis using SRa The cytoplasmic face of the 476-residue Sec61a sub-
unit consists of the N and C termini plus the even-num-and SRb-specific antibodies revealed that SRa was far
more sensitive to digestion than SRb (Figures 1A±1C). bered loops that connect the ten experimentally verified
TM segments (Wilkinson et al., 1996). The antibodyTrypsin, chymotrypsin, and elastase sever SRa between
Transfer of RNCs to the Sec61 Complex
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Figure 2. Translocation Activity of the Prote-
ase-Digested PK-RM
TX-PK-RM (A) or CX-PK-RM (B) were assayed
for translocation of preprolactin. The 25 ml
reticulocyte lysate translations contained 1.2
eq of TX-PK-RM or CX-PK-RM and, as noted,
were supplemented with the 52 kDa SRa frag-
ment (200 fmol). Preprolactin (pPL) and pro-
lactin (PL) were quantified after PAGE in SDS.
(C and D) Assays of op156 integration con-
tained 1.2 eq of TX-PK-RM (C) or CX-PK-RM
(D) and 200 fmol of the SRa fragment and
were conducted in the presence (upper pan-
els) or absence (lower panels) of GTP. Mem-
brane pellets obtained after alkaline sucrose
gradients were analyzed by PAGE in SDS
to resolve glycosylated op156 (g-op156)
from nonglycosylated op156. SRP-dependent
membrane integration of op156 (op156 1
g-op156) was calculated after subtracting as
background the quantity of op156 (op156 1
g-op156) that was integrated in the absence
of GTP. Preprolactin translocation (triangles)
across TX-PK-RM (A) or CX-PK-RM (B) and
SRP-dependent op156 integration (triangles)
into TX-PK-RM (C) or CX-PK-RM (D) is ex-
pressed relative to the translocation/integra-
tion activity of T0-PK-RM and C0-PK-RM as-
sayed in the presence of the SRa fragment.
The percentages of intact SRb (squares),
Sec61a (filled circles), and Sec61b (open cir-
cles) in the TX-PK-RM and CX-PK-RM was
quantified by scanning the ECL images
shown in Figure 1. For Sec61a, the plotted
data is the average value obtained by scan-
ning blots probed with the N- and C-terminal
antibodies.
raised against the N terminus of Sec61a recognized 22 simplify the analysis of the protease-digested PK-RM,
translocation activity was assayed using the TRAM-and 30 kDa digestion products (Figures 1A, 1B, and 1C).
To determine which loops in Sec61a were severed, we independent substrate preprolactin (Voigt et al., 1996).
The protease-digested microsomes were first assayedprepared N-terminal segments of Sec61a by in vitro
translation of truncated Sec61a mRNAs. The 22 and 30 for translocation activity in the absence of SRa (Figures
2A and 2B, left three lanes). Unlike the mock digestedkDa Sec61a fragments comigrate with Sec61a transla-
tion products that terminate at Arg-274 (loop 6) and Lys- membranes, the T1-PK-RM and C1-PK-RM were unable
to translocate and process preprolactin. The SR in the393 (loop 8), respectively (Figure 1E). The C-terminal-
specific antibody did not recognize membrane-bound protease-digested PK-RM was reconstituted by the ad-
dition of the purified 52 kDa SRa fragment that containstryptic fragments derived from Sec61a, indicating that
the C terminus of Sec61a is cleaved at Lys-463. In con- the GTPase domain. A 2-fold molar excess of the SRa
fragment was added relative to the SR content of PK-trast, a C-terminal 8 kDa fragment of Sec61a was de-
tected in the C1-10-PK-RM (Figure 1B), which is derived RM to insure that SRa was not the limiting component.
Protein immunoblot experiments showed that each ofby cleavage within loop 8. Decreases in N-terminal im-
munoreactivity were caused by digestion with high con- the membrane preparations (except the C200-PK-RM)
bind quantities of the SRa fragment that are similar tocentrations of chymotrypsin (i.e., C200-PK-RM) or endo-
proteinase Glu-C. Sec61b (96 residues) and Sec61g (68 the endogenous SRa content (z100 fmol/eq) of the undi-
gested PK-RM (data not shown). As observed previouslyresidues) each have a single predicted TM span located
near the C terminus (Figure 1D). Sec61b was quite sensi- for trypsin-digested K-RM (Gilmore et al., 1982), the SRa
fragment can partially reconstitute the translocation ac-tive to digestion by trypsin (Figure 1A), less sensitive to
chymotrypsin (Figure 1B), and essentially resistant to tivity of the T1-PK-RM (Figure 2A). More extensive diges-
tion of the PK-RM with trypsin (e.g., T5-PK-RM) resultedendoproteinase Glu-C (Figure 1C). Sec61g was the least
protease-sensitive subunit of the Sec61 complex (Fig- in a translocation defect that could not be reconstituted
with exogenous SRa. Likewise, the SRa fragment couldures 1A, 1B, and 1C).
reconstitute the translocation activity of the less exten-
sively digested CX-PK-RM (Figure 2B) but could not re-Proteolysis-Induced Translocation Defects
Severing the cytoplasmic domain of a translocation constitute the activity of the C50-PK-RM (Figure 2B) or
the V200-PK-RM (data not shown).component could have no effect on translocation activ-
ity or could reduce translocation activity by inactivating Based upon the hypothesis that proteolysis of the
Sec61 complex or SRb might be responsible for thethe protein or by producing an inhibitory fragment. To
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translocation defect, we compared the SRa-dependent by translation of a truncated VSV G mRNA. As depicted
in Figure 3A, radiolabeled pG64 will be cross-linked totranslocation activity to the membrane content of intact
SRP54 if the signal sequence remains bound to SRPSRb, Sec61a, and Sec61b (Figures 2A and 2B). Proteoly-
(Figures 3Aa±3Ac). If the signal sequence is transferredsis of SRb (squares) and Sec61g (data not shown) did
from SRP54 to a novel protein X or the membrane sur-not correlate with the protease-mediated loss in trans-
face (Figure 3Ad), we should observe reduced cross-location activity (triangles). In contrast, digestion of
linking of pG64 to SRP54, and we might detect cross-Sec61a (filled circles) correlated closely with loss of trans-
links between pG64 and protein X. Insertion of pG64 intolocation activity, suggesting that proteolysis of Sec61a
the translocation channel (Figure 3Ae) should likewisemay be responsible for the defect in SRP-dependent
reduce cross-linking to SRP54 and yield cross-links totranslocation of preprolactin. Digestion of Sec61b by
Sec61a or protease-derived fragments of Sec61a. Inter-chymotrypsin (Figure 2B), but not trypsin (Figure 2A),
mediates c and d are not detected when intact micro-correlated with the protease-mediated inhibition of
somes are assayed in the presence of GTP, becausetranslocation activity.
the RNC is rapidly transferred from SRP54 to the Sec61Sec61b is required for efficient cotranslational translo-
complex upon GTP binding to SRP54 and SRa (Rapiejkocation but is dispensable when the nascent polypeptide
and Gilmore, 1997).is tethered to the ribosome as a translation-arrested
A truncated mRNA encoding pG64 was translated inpeptidyl-tRNA (Kalies et al., 1998). While proteolysis of
a wheat germ system in the presence or absence ofSec61b may contribute to the defect in translocation
SRP to prepare SRP-RNCs and RNCs. DSS-mediatedof preprolactin, it should not influence translocation or
cross-linking of pG64 to SRP54 and Sec61a yieldsintegration of a translation-arrested substrate. To ad-
the cross-linked products designated as SRP54* anddress this possibility, we analyzed membrane integra-
Sec61a* (Kellaris et al., 1991; Rapiejko and Gilmore,tion of op156, a 156-residue opsin nascent chain that
1997). In accordance with accumulation of intermedi-is produced by translation of a truncated opsin mRNA
ates a and b in Figure 3A, pG64 was cross-linked to(Figures 2C and 2D). The protease-digested PK-RM
SRP54 but not Sec61a when microsomes or GTP werewere reconstituted with the SRa fragment and assayed
deleted from the assays (Figure 3B). Additional controlin the presence or absence of GTP to discriminate be-
experiments confirmed that formation of Sec61a* wastween SRP-dependent and SRP-independent integra-
dependent upon the inclusion of DSS, SRP, and activetion of op156. Integration of op-156 into the PK-RM can
microsomes (e.g., T0-PK-RM). The absence of the SRP*occur by an SRP and GTP-independent integration
product in assays containing GTP and T0-PK-RM indi-mechanism that is analogous to that described for
cates that the Sec61 translocation channels are presentother translation-arrested polypeptides (Wiedmann et
in excess relative to the SRP-RNCs. When the TX-PK-al., 1994; Jungnickel and Rapoport, 1995; Raden and Gil-
RM were reconstituted with SRa, cross-links betweenmore, 1998). GTP-dependent integration of op156 into
pG64 and Sec61a were most intense in assays of T1-PK-the undigested PK-RM was accompanied by oligosac-
RM, barely detectable with T7-PK-RM, and undetectablecharide addition to one or both of the glycosylation sites
with T20-PK-RM (Figure 3B). Although the absence ofto yield g-op156 (Figures 2C and 2D, upper panels).
intact Sec61a in the T7-PK-RM and T20-PK-RM (FigureSRP-independent integration of op156 yielded substan-
1A) readily explains the absence of intact Sec61a*, fur-tially reduced amounts of g-op156 and slightly reduced
ther examination of the autoradiogram failed to discloseamounts of op-156 (lower panels). Whereas both tar-
novel products that could correspond to pG64 cross-geting pathways can occur in the presence of GTP,
linked to Sec61a fragments. When inactive membranessubtraction of the GTP-independent signal yields a reli-
(i.e., T20-PK-RM) were assayed, the intensity of SRP54*able estimate of the SRP-dependent integration of
was comparable to that observed in control assays thatop156. In the absence of the SRa fragment, glycosyla-
lacked PK-RM or GTP, indicating that SRP54 does not
tion of op156 by the T1-PK-RM and the C1-PK-RM was dissociate from the signal sequence of pG64 to yield
undetectable (data not shown). The addition of the SRa
either of the post SRP-cycle intermediates (Figure 3Ad
fragment to the protease-digested PK-RM resulted in a or 3Ae).
partial restoration of g-op156 synthesis as quantified in Cross-links between intact Sec61a and pG64 were
Figures 2C and 2D. The protease-mediated inhibition of detected in assays that contained the SRa fragment
SRP-dependent integration of op-156 (triangles) corre- plus mildly digested CX-PK-RM (Figure 3C). When morelated with the digestion of Sec61a (circles) but not SRb extensively digested membranes were assayed (e.g.,
(squares). Glycosylation of op-156 by the V200-PK-RM C50-PK-RM), pG64 was primarily cross-linked to SRP54.
could not be reconstituted with SRa (data not shown). As observed with the TX-PK-RM, reduced formation of
These data suggest that proteolysis of Sec61a is the Sec61a* was accompanied by a corresponding increase
primary cause for the observed defects in protein trans- in cross-linking of pG64 to SRP54. Fractionation of
location. cross-linking assays over alkaline sucrose gradients
showed that the product designated as SRP54* was
Nascent Polypeptides Are Not Transferred to Sec61a primarily recovered in the supernatant fraction and
in Protease-Inactivated PK-RM Sec61a* was recovered in the membrane pellet fraction.
To define which stage in the translocation reaction is These cross-linking experiments indicate that an SRP-
compromised by protease digestion of the PK-RM, we cycle intermediate (Figures 3Aa, 3Ab, or 3Ac) accumu-
used the amine reactive cross-linker dissucinimidylsu- lates in assays of the SRa reconstituted membranes
berate (DSS) to identify translocation components that that display translocation defects (e.g., T20-PK-RM or
C50-PK-RM). In several cross-linking experiments, weare in contact with a nascent polypeptide (pG64) derived
Transfer of RNCs to the Sec61 Complex
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Figure 3. Cross-Linking of Nascent Chains to Sec61a in Protease-Digested PK-RM
(A) Sequential intermediates (a±e) in translocation across protease-digested PK-RM can be assigned by DSS-mediated cross-linking of a
nascent polypeptide (pG64) to SRP54 (a±c), a putative protein X (d), or to Sec61a or Sec61a fragments (e).
(B and C) Six eq of TX-PK-RM or CX-PK-RM were reconstituted with the 1.2 pmol of the SRa fragment (C) or with in vitro translated SRa (B).
RNCs or SRP-RNCs bearing pG64 assembled in a wheat germ system were applied to S-200 gel filtration columns to remove GTP. The GTP-
depleted SRP-RNCs and the RNCs derived from 7.5 ml of translation products were mixed with TX-PK-RM (B) or CX-PK-RM (C) in the presence
of 100 mM GTP, except as noted. After a 20 min incubation at 258C, DSS was added to cross-link pG64 to adjacent proteins. In (C), the cross-
linking assays were either processed directly for PAGE in SDS (T) or were subjected to Na2CO3 fractionation to obtain supernatant (S) or
membrane pellet (P) fractions. Cross-linked products between radiolabeled pG64 and SRP54 or Sec61a are designated as SRP54* and
Sec61a*. The cross-linked product that comigrates with SRP54 in the left-hand lane of (B) is thought to be pG64 cross-linked to wheat germ
SRP54.
detected a faint product that is derived by cross-linking lation of a protein that lacks a signal sequence (firefly
luciferase, ffLuc77). These controls show that traceof pG64 to Sec61a severed in cytoplasmic loop 8 by
chymotrypsin. A cross-link between pG64 and Sec61a amounts of reticulocyte lysate SRP are responsible for
the residual assembly of SRP-SR complexes by thesevered in cytoplasmic loop 6 was not detected.
T20-PK-RM. We conclude that translocation of proteins
across the trypsin-digested membranes (e.g., T20-PK-GTP Binding to the SR-SRP-RNC Complex
RM) is blocked prior to GTP binding to SRP54 and SRaTo discriminate between the initial two intermediates (a
(intermediates a or b). Translocation of proteins acrossand b) and the posttargeting intermediate (c) depicted
the C50-PK-RM and V200-PK-RM is blocked after GTPin Figure 4A, we next asked whether SRP and SRa bind
binding to SRP54 and SRa (intermediate c).GTP when an SRP-RNC is targeted to the SRa-reconsti-
We next asked whether the translocation intermedi-tuted CXPK-RM or TXPK-RM. To address this question,
ates were membrane bound (Figures 4Ab, 4Ac, or 4Ae)we modified a well characterized assay to monitor the
or soluble (Figures 4Aa or 4Ad). SRP-RNCs bearingformation of Gpp(NH)p stabilized complexes between
pG64 were incubated with PK-RM in the absence orSRP and 35S-methionine-labeled SRa (Rapiejko and Gil-
presence of GTP prior to chromatography on gel filtra-more, 1992, 1997). The protease-digested PK-RM were
tion columns equilibrated in buffers containing 150 mMreconstituted with in vitro translated SRa and separated
KOAc (L), 300 mM KOAc (M), or 500 mM KOAc (H) tofrom GTP, unincorporated SRa, and the majority of the
resolve free and membrane-bound RNCs (Figure 4D). Inreticulocyte lysate SRP by gel filtration chromatography.
the presence of GTP, the RNC is transferred to the Sec61SRP-RNCs bearing pG64 were separated from GTP and
complex and elutes with the microsomes in a low- orunbound SRP by centrifugation. These two preparations
high-salt buffer (Figure 4D). In the absence of GTP, fewerwere combined in the presence or absence of Gpp(NH)p
RNCs were membrane bound, and this interaction wasto permit the assembly of SRP-SR complexes upon tar-
sensitive to hypertonic solutions. Binding of SRP-RNCsgeting of the SRP-RNCs to the membrane-bound SR.
to the SRa-reconstituted microsomes was analyzed inFormation of a Gpp(NH)p stabilized SRP-SR complex
the presence of GTP on columns equilibrated in 150 mMcan be detected by cosedimentation of radiolabeled
KOAc (Figure 4E). Compared to the undigested controlSRa with SRP on a sucrose density gradient in deter-
membranes (T0-PK-RM), the trypsin-digested mem-gent solution (Figure 4B, circles). Efficient formation of
branes that lack intact SRb (T20-PK-RM) are defectiveGpp(NH)p stabilized SRP-SR complexes was observed
in targeting of the SRP-RNC to the SRa reconstitutedfor T1-PK-RM, C50-PK-RM, and V200-PK-RM when SRP-
microsomes (Figure 4E). The protease-digested PK-RMRNCs were present (Figure 4C). In contrast, the T20-PK-
that display normal GTP binding to SRa and SRP54 (T1-RM have a reduced capacity to form SRP-SR complexes
PK-RM, C50-PK-RM or V200-PK-RM) accumulate mem-(Figure 4C). Control experiments were performed using
RNCs or mock-assembled SRP-RNCs obtained by trans- brane bound RNCs. In the absence of SRa, RNC binding
Cell
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Figure 4. Formation of Complexes between
SR and SRP-RNCs
(A) Four translocation intermediates (a±d) are
depicted that might accumulate if transfer of
the RNC from SRP54 to Sec61a (e) is blocked.
(B±E) RNCs and SRP-RNCs bearing PG64
were assembled as described in Figure 3.
(B and C) The formation of Gpp(NH)p stabi-
lized SRP-SR complexes was assayed as de-
scribed in the Experimental Procedures using
purified SRP-RNCs as the source of SRP and
protease-digested PK-RM bearing 35S methi-
onine-labeled SRa.
(B) The SRa-reconstituted T1-PK-RM were
combined with SRP-RNCs in the absence
(squares) or presence (circles) of 100 mM
Gpp(NH)p in an isotonic buffer (50 mM TEA,
150 mM KOAc, 2.5 mM Mg(OAc)2, 1 mM DTT,
and 0.002% Nikkol). Detergent solubilized
SRP-SR complexes (fractions 7±12) were re-
solved from free SRa (fractions 1±6) by su-
crose density centrifugation.
(C) The percentage of SRa that cosediments
with SRP in a Gpp(NH)p-dependent manner
was calculated from gradients similar to that
shown in (B). The SRP-RNC sample in paren-
theses was from a translation programmed
with ffLuc77 mRNA.
(D and E) SRP-RNCs bearing pG64 were sep-
arated from GTP by S-200 gel filtration chro-
matography. Aliquots of the SRP-RNCs de-
rived from 10 ml of translation products were
incubated with 4 eq of PK-RM (D) or 4 eq
of protease-digested PK-RM (TX-PK-RM, CX-
PK-RM or V200-PK-RM [ªVº in E]) plus 600 fmol
of the SRa fragment (E). The assays con-
tained 100 mM GTP (1), 100 mM Gpp(NH)p
(double dagger), or no nucleotide (-). Mem-
brane-bound RNCs were separated from un-
bound RNCs by gel filtration chromatography
on 1 ml sepharose CL-2B columns equili-
brated in 50 mM TEA, 2.5 mM Mg(OAc)2, and
1 mM DTT plus either 150 (L), 300 (M), or 500
(H) mM KOAc. The percentage of the pG64
that eluted with the microsomes was quanti-
fied after PAGE in SDS.
to the T1-PK-RM was reduced nearly to background signal sequence to initiate another targeting cycle. The
latter possibility will be addressed in Figure 6.levels, thereby showing that this assay primarily moni-
tors SRP-dependent targeting of RNCs to the mem-
brane. The residual binding of RNCs to T1-PK-RM Sec61-Dependent Release of the Signal Sequence
observed in the absence of SRa was nucleotide from SRP54
independent (Figure 4E) and salt insensitive (data not The purified SRP receptor was reconstituted into lipo-
shown), consistent with SRP-independent attachment somes to provide a model system to examine SR func-
of RNCs to the Sec61 complex. Taken together with the tion in the absence of the Sec61 complex. Binding of
results presented in Figures 3 and 4C, we can conclude SRP-RNCs bearing radiolabeled pG64 to the SR proteo-
that the inactive SRa reconstituted membranes that re- liposomes was evaluated using gel filtration columns
tain intact SRb (e.g., C50-PK-RM or V200-PK-RM) accumu- equilibrated in 150 mM KOAc or 300 mM KOAc to dis-
late a novel posttargeting intermediate (Figure 4Ac) criminate between the targeting and posttargeting inter-
when signal sequence transfer to the Sec61 complex mediates. As SRP-SR complexes are relatively stable
is blocked. Our results are not compatible with signal in 300 mM KOAc in the presence of Gpp(NH)p, but not
sequence dissociation from SRP54 upon GTP binding to GDP (Connolly et al., 1991), this assay should reveal
the SRP-SR complex in membranes that lack an active whether the posttargeting intermediate is formed in the
absence of the Sec61 complex. SRP-RNCs do not bindSec61 complex (Figure 4Ad), unless SRP rebinds to the
Transfer of RNCs to the Sec61 Complex
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Figure 5. Targeting of SRP-RNCs to SR Pro-
teoliposomes
SR proteoliposomes and control liposomes
lacking SR were prepared as described in the
Experimental Procedures. The pG64 mRNA
was translated in the presence of 60 nM SRP
to prepare SRP-RNCs that were separated
from GTP as in Figure 4D. SRP-RNCs derived
from 2 ml of translation products were incu-
bated with SR proteoliposomes (z1 pmol SR)
or control liposomes for 20 min at 258C in the
absence or presence of 100 mM GTP or 100
mM Gpp(NH)p prior to chromatography on
sepharose CL-2B columns equilibrated in 50
mM TEA, 5.0 mM Mg(OAc)2, and 1 mM DTT
plus either 150 mM KOAc (A, B, C, and D) or
300 mM KOAc ([B], as noted).
(A) The elution profile of SR proteoliposomes
containing 3H phosphatidylcholine (squares)
was determined by scintillation counting. Elu-
ate fractions containing pG64-RNCs (trian-
gles) were spotted onto Whatmann 3MM filter
paper, precipitated in cold 10% TCA, and
boiled in 5% TCA prior to scintillation
counting.
(B) Proteoliposome-bound and free SRP-
RNCs were resolved as in (A). The percentage
of SR proteoliposome±bound SRP-RNCs is
shown after subtracting as background the
14% of pG64 that elutes in fractions 4±6 in
the absence of SR.
(C and D) SRP-RNCs derived from 15 ml of translation products were incubated with control liposomes (C) or SR proteoliposomes ([D], z6
pmol of SR) in the presence of 100 mM GTP. Proteoliposome-bound RNCs were resolved from unbound RNCs as in (A). DSS was added to
the eluted fractions to cross-link pG64 to SRP54.
to control liposomes that lack SR; hence, these unbound intensity of the SRP54* was not reduced after incubation
with the SR proteoliposomes (Figure 5D) relative to con-SRP-RNCs (Figure 5A, triangles) elute later than SR pro-
teoliposomes (Figure 5A, squares). In the absence of trol liposomes (Figure 5C). Cross-linking of pG64 to
SRP54 was substantially reduced when the SRP-RNCsGTP, 18% of the SRP-RNCs eluted with the SR proteoli-
posomes in the physiological ionic strength buffer (Fig- were incubated with proteoliposomes that contain both
the SR and the Sec61 complex (data not shown). Inure 5B), diagnostic of targeting intermediate formation
as depicted in Figure 4Ab. If GTP binding to SRP54 agreement with a previous report (GoÈ rlich and Rapoport,
1993), we observed that translocation of preprolactinand SRa promotes signal sequence dissociation from
SRP54, we should observe a drastic reduction in RNC across the SR-Sec61 complex proteoliposomes was
less efficient than across PK-RM; hence, other RERbinding to the SR proteoliposomes. Instead, both GTP
and Gpp(NH)p increased the amount of RNCs that eluted membrane or lumenal proteins may be required to
achieve robust translocation across the proteolipo-with the SR proteoliposomes at 150 mM KOAc. In the
absence of GTP, SRP-RNC binding to the SR proteolipo- somes.
We tested the possibility that multiple GTP bindingsomes was reduced 2.3-fold when the ionic strength
was raised to 300 mM KOAc. In the presence of GTP or and hydrolysis cycles by the SRP-SR complex could
account for the persistent binding of SRP54 to the RNCGpp(NH)p, the proteoliposome-bound RNCs were 2-fold
less sensitive to the increased ionic strength, indicating when Sec61a was severed in loops 6 and 8 (cycling
through intermediates a-d in Figure 4A). If this explana-that both GTP and Gpp(NH)p stabilize the proteolipo-
some-bound SRP-RNC. tion is correct, we should observe a decrease in the
yield of pG64 cross-linked to SRP54 if the SRP is unableAccording to our model for the posttargeting interme-
diate, SRP54 should remain bound to pG64 when the to rebind to the RNC after the initial targeting cycle has
been completed. To test this hypothesis, we repeatedRNC is attached to the SR proteoliposome. Alternatively,
if RNC attachment to the SR proteoliposome can be the cross-linking experiment shown in Figure 3C with
two modifications designed to prevent rebinding of SRPmediated by an interaction between SRb and the ribo-
some (Bacher et al., 1999), GTP binding to SRP54 and to the RNC (Figure 6). The pG64 mRNA was translated in
the wheat germ system to assemble SRP-RNCs, whichSRa should promote dissociation of SRP54 from the
signal sequence. A cross-linking assay was used to dis- were subsequently purified by centrifugation to remove
any unbound SRP. The SRP-RNCs were then incubatedcriminate between these alternatives. The majority of
the pG64-RNCs coeluted with the SR proteoliposomes with the SR-reconstituted microsomes in the presence
of Gpp(NH)p to prevent dissociation of the SRP-SR com-in the presence of GTP (Figure 5D). More importantly,
treatment of the proteoliposome-bound RNCs with DSS plex (Connolly et al., 1991), thereby preventing rebinding
of the SRP to the RNC. When the SR is present in excessyielded the SRP54* cross-linked product. Notably, the
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cleavage sites in Sec61a are tightly clustered on sur-
face-exposed loops. The N-terminal segment of S. cere-
visiae Sec61p is proposed to be embedded on the
cytoplasmic surface of the RER membrane as an amphi-
pathic a helix (Wilkinson et al., 1996). Canine Sec61a
may adopt a similar conformation, which could explain
the protease resistance of the N terminus of canine
Sec61a.
Proteolysis of Sec61a was accompanied by a striking
decrease in SRP-dependent translocation. A previousFigure 6. Persistent Binding of SRP54 to the Signal Sequence of a
report indicates that chymotrypsin digestion of PK-RMMembrane-Bound RNC
severs Sec61a and blocks a posttargeting stage of theThe pG64 mRNA was translated in the presence of 60 nM SRP to
translocation reaction (Murphy et al., 1997). Althoughassemble SRP-RNCs that were separated from free SRP by centrifu-
gation through a high-salt cushion. The SRP-RNC complexes de- the protease-induced intermediate detected by Murphy
rived from 7.5 ml of translation products were mixed with 8 eq of et al. was not extensively characterized, it is likely
TX-PK-RM, C50-PK-RM, or V200-PK-RM, and 1 pmol of the SRa frag- identical to that described here. Incomplete digestion
ment in the presence of 100 mM GTP or 100 mM Gpp(NH)p. After a of Sec61a (e.g., C5-PK-RM) resulted in a partial loss20 min incubation at 258C, DSS was added to cross-link pG64 to
of activity that correlated closely with residual intactSRP54 or Sec61a. Radiolabeled polypeptides that correspond to
Sec61a. The close correlation between translocation ac-SRP54* and Sec61a* were resolved by PAGE in SDS.
tivity and residual intact Sec61a is best explained by
the hypothesis that Sec61 oligomers have impaired
SRP-dependent translocation activity when one or tworelative to the SRP-RNCs (e.g., T0-PK-RM), the RNC is
Sec61a subunits are severed.quantitatively transferred from SRP to the Sec61 com-
Recent systematic photo-cross-linking studies haveplex in assays that contain GTP or Gpp(NH)p. When we
shown that the signal sequence of a nascent polypep-assayed microsomes that lack intact Sec61a (C50-PK-
tide contacts TM spans 2 and 7 of yeast Sec61p (PlathRM or V200-PK-RM), the intensity of the SRP54* product
et al., 1998). Proteolysis of Sec61a in loop 6 will separatewas not reduced in assays that contained Gpp(NH)p
TM span 7 from the N-terminal half of Sec61a. Pairsrelative to control assays that contain GTP or assays
of complementary N- and C-terminal fragments of S.that lack microsomes. These results fully support the
cerevisiae Sec61p have been tested for the ability toview that the signal sequence does not dissociate from
complement a sec61 null mutation (Wilkinson et al.,SRP54 in the absence of the intact Sec61 complex.
1997). With the exception of N-terminal fragments termi-
nating in loops 6 or 7, coexpression of the complemen-Discussion
tary C-terminal fragment yielded a viable strain in the
absence of intact Sec61p. Thus, an intact cytoplasmicProteolysis of SRa and SRb
loop 6 is a crucial element for Sec61a function.We have used proteolytic digestions of ribosome-
stripped microsomes to sever cytoplasmic domains of
the SR, the TRAM protein, and the Sec61 complex. As Inactivation of Sec61a Causes Accumulation
observed previously, proteolysis of SRa blocks protein of Membrane-Bound SRP-RNCs
translocation prior to targeting of the SRP-RNC to the In the absence of GTP, targeting of an SRP-RNC to the
microsome. Reconstitution of the protease-digested RER results in a salt-sensitive interaction between the
PK-RM with exogenous SRa allowed the detection of SRP-RNC and the SR (Connolly and Gilmore, 1986). With
two additional protease-induced blocks in protein trans- intact microsomes, GTP binding to SRP54 and SRa pro-
location that are caused by inactivation of SRb or motes the rapid transfer of the signal peptide from
Sec61a. Digestion of PK-RM with moderate amounts of SRP54 to a vacant Sec61 complex. Consequently, the
trypsin (e.g., T20-PK-RM) yielded membranes that bind posttargeting intermediate had not been detected in
the SRa fragment, despite the lack of intact SRb. our previous studies. When Sec61a is inactivated by
Upon reconstitution with the SRa fragment, the trypsin- proteolysis or deleted from proteoliposomes, the inter-
digested membranes remain defective in targeting of action between the SRP-RNC and the SR is stabilized
the SRP-RNC to the SRP receptor. Further work will be by GTP or Gpp(NH)p binding to SRa and SRP54 and
required to elucidate the role of SRb during the initial prolonged by the lack of an acceptor for the RNC. Al-
interaction between the SRP-RNC and the SR. though the GTP-stabilized association between the
SRP-RNC and the SR proteoliposome suggests that
GTP hydrolysis by SRP54 and SRa is also inhibited, theProteolysis of the Sec61 Complex
Digestion with the three proteases shown here, as well latter conclusion is in conflict with the results of GTPase
assays that have been conducted by Bacher et al. (1996,as with thermolysin (data not shown), revealed a hierar-
chy of proteolytic sensitivity of Sec61a cytoplasmic seg- 1999) using RNCs, SR proteoliposomes, and SRP. Fur-
ther studies will be required to determine which of thements. Cytoplasmic loop 8 and the C-terminal tail were
most readily severed, followed by loop 6. The N terminus three GTPases (SRa, SRb or SRP54) are activated under
these circumstances.of Sec61a was considerably less sensitive, while cleav-
age within loops 2 and 4 was never detected. Proteases When assayed in detergent solution, the purified SR
initiates the GTP-dependent dissociation of SRP fromwith different cleavage specificities yielded remarkably
similar digestion products, suggesting that the protease the RNC (Connolly and Gilmore, 1989). Hence, one might
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have predicted that GTP binding to the SRP-SR complex tails and cytoplasmic loop 2. Cytoplasmic loops 6 and
8 of Sec61a are candidates for a region of the Sec61would induce efficient signal sequence dissociation
from SRP54 despite the absence of the Sec61 complex complex that might interact with the SRP-SR complex.
in SR proteoliposomes or protease-digested micro-
somes. As neither GTP nor Gpp(NH)p causes a decrease
Experimental Proceduresin SRP54 cross-linking to the nascent polypeptide, we
can conclude that dissociation of SRP54 from the RNC
Preparation of SRP, SR, Protease-Digested PK-RM,
occurs when two conditions are satisfied. The first con- and the 52 kDa SRa Fragment
dition is satisfied when both SRP54 and SRa bind GTP Rough microsomes (RM), KOAc-washed rough microsomes (K-RM),
in a cooperative reaction (Rapiejko and Gilmore, 1997). and SRP were isolated from canine pancreas as described (Walter
et al., 1981). The SR was purified from K-RM as described (ConnollyThe second condition is met by the presence of an
and Gilmore, 1993). K-RM were digested for 1 hr at 48C with elastaseacceptor for the signal sequence, which is provided
(0.5 mg/ml) to generate the 52 kDa SRa fragment that was purifiedby the Sec61 complex. We hypothesize that detergent
as described (Nicchitta and Blobel, 1989).
micelles serve as an artificial acceptor for the signal Puromycin-high salt extracted rough microsomes (PK-RM) were
sequence when the SR is assayed in detergent solution. prepared from RM as described (Raden and Gilmore, 1998), except
Although SR proteoliposomes allow a partial release of that the PK-RM were washed once by centrifugation rather than
twice with 50 mM triethanolamine-acetate, pH 7.5 (50 mM TEA), 600the SRP-mediated translation arrest (GoÈ rlich and Rapo-
mM KOAc, 12 mM Mg(OAc)2, 1 mM DTT, and 1 mM EDTA. The PK-port, 1993), the 5-fold excess of SR relative to SRP in
RM were resuspended in 50 mM TEA, 250 mM sucrose, and 1 mMthe latter assays may have interfered with the initial
DTT at a concentration of 2 eq/ml (eq as defined in Walter et al.,
binding of SRP54 to the signal sequence. 1981). 500 ml aliquots of the PK-RM were digested with trypsin (0±30
A recent report (Murphy et al., 1997) describes a post- mg/ml) or chymotrypsin (0±200 mg/ml) on ice for 1 hr at a PK-RM
targeting intermediate that accumulates when in vitro concentration of 2 eq/ml. Digestion with endoproteinase Glu-C (200
mg/ml) was for 1 hr at 378C. Trypsin and chymotrypsin digestionstranslocation assays contain an excess of SRP-RNCs
were terminated by a 15 min incubation with 1 mM phenylmethylsul-relative to accessible Sec61 complexes. Differential salt
fonyl fluoride (PMSF), followed by adjustment to 10 mg/ml of aproti-extraction experiments revealed two distinct popula-
nin. Digestions with endoproteinase Glu-C were terminated by ad-
tions of membrane-bound RNCs. One population corre- justment to 1 mM 3,4 dichloroisocoumarin. The protease-digested
sponded to RNCs that were attached to the Sec61 com- PK-RM were adjusted to 550 mM KOAc and centrifuged for 30 min
plex while a second population was proposed to be at 100,000 g in a Beckman Type 50 rotor. The membranes were
resuspended at a concentration of 0.1 eq/ml in 250 mM sucrose, 50attached via a membrane component, either protein or
mM TEA, and 1 mM DTT, and centrifuged for 30 min at 100,000 gphospholipid, that interacts with the signal sequence
in a Beckman Type 50 rotor. After repeating the preceding centrifu-prior to insertion into the Sec61 complex (Murphy et al.,
gation step, the protease-digested PK-RM were stored at 2808C at
1997). The circumstance that leads to accumulation of a concentration of 1 eq/ml in 250 mM sucrose, 50 mM TEA, and 1
the latter intermediate may not be fundamentally differ- mM DTT.
ent from inactivation of the Sec61 complex by proteoly-
sis or deletion of the Sec61 complex from proteolipo-
Translocation Assays of Protease-Digested PK-RMsomes.
The mRNAs encoding SRa, preprolactin, and N-terminal truncation
products of opsin (op156), VSV G protein (pG64), firefly luciferase
Regulation of the SRP-SR GTP Hydrolysis Cycle (ffLuc77), and Sec61a (Sec61a274 and Sec61a393) were isolated
by the Sec61 Complex from preparative-scale transcriptions as described (Rapiejko and
Gilmore, 1992). DNA templates for transcription of the Sec61a trun-The demonstration that dissociation of the signal se-
cation products (Sec61a274 and Sec61a393) were prepared byquence from SRP54 is inhibited in the absence of a
PCR-mediated amplification of the Sec61a pSPUTK plasmid (Knightfunctional protein translocation channel suggests that
and High, 1998).
the Sec61 complex regulates the GTPase cycle of the Protease-digested PK-RM were assayed in the absence of SRa
SRP-SR complex at the stage of signal sequence disso- by translating preprolactin mRNA in a reticulocyte lysate reaction
ciation from the SRP. We propose that regulation of that was supplemented with TX-PK-RM, CX-PK-RM, or VX-PK-RM.
To provide exogenous SRa, 25 ml translocation assays that con-the GTPase cycle of the SRP-SR complex by Sec61
tained 1.2 eq of protease-digested PK-RM were supplemented withprovides a mechanism to insure that the signal sequence
200 fmol of the SRa 52 kDa fragment.is directly inserted into a translocation channel upon
The procedure to assay GTP-dependent integration of op156 into
release from SRP54. This hypothesis implies a direct protease-digested microsomes has been described previously (Ra-
physical interaction between the Sec61 complex and piejko and Gilmore, 1992). Aliquots of ribonucleotide-depleted SRP-
either the SR or the SRP-RNC at a stage prior to signal RNCs prepared by translation of op156 in a reticulocyte lysate sys-
tem were incubated for 30 min at 258C with 1.2 eq of TX-PK-RM,sequence dissociation from SRP54. This regulatory
CX-PK-RM, or VX-PK-RM plus 200 fmol of the SRa fragment in thescheme could provide a mechanism to discriminate be-
presence or absence of GTP.tween Sec61 complexes that are currently engaged in
protein translocation, and hence occupied by an RNC,
and Sec61 complexes that are either vacant or occupied Preparation of SR Proteoliposomes
SR proteoliposomes were prepared using a modification of a pre-by a nontranslating ribosome. The regions of Sec61a
viously described method (GoÈ rlich and Rapoport, 1993). Purified SRthat are exposed on the cytoplasmic face of the mem-
(5 pmol), bovine phosphatidylcholine (35 nmol, Sigma P-7763), andbrane are logical sites for an interaction with the SRP-
bovine serum albumin (10 mg) were combined in a total volume ofRNC or SR. A comparison of eleven eukaryotic Sec61a
10 ml of 20 mM HEPES-KOH (pH 7.5), 350 mM KOAc, 1 mM DTT,
sequences reveals that loops 6 and 8 are more highly and 0.1% Nikkol. The SR proteoliposomes formed during a 15 hr
conserved with respect to the number and location of incubation with 10 mg of Bio-Beads SM-2 were recovered by centrif-
ugation as described (GoÈ rlich and Rapoport, 1993).charged amino acid residues than the N- and C-terminal
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DSS Cross-Linking Connolly, T., and Gilmore, R. (1986). Formation of a functional ribo-
some-membrane junction during protein translocation requires theThe pG64 mRNA was translated in a wheat germ system in the
absence or presence of 60 nM SRP to prepare RNCs or SRP-RNCs. participation of a GTP-binding protein. J. Cell Biol. 103, 2253±2261.
Aliquots of the pG64 RNCs were incubated at 258C with TX-PK- Connolly, T., and Gilmore, R. (1989). The signal recognition particle
RM, CX-PK-RM, or VX-PK-RM that were reconstituted with in vitro receptor mediates the GTP-dependent displacement of SRP from
translated SRa or the 52 kDa SRa fragment. After 20 min, the reac- the signal sequence of the nascent polypeptide. Cell 57, 599±610.
tions were adjusted to 400 mM DSS using a freshly prepared stock Connolly, T., and Gilmore, R. (1993). GTP hydrolysis by complexes
solution of DSS in dimethyl sulfoxide to cross-link the radiolabeled of the signal recognition particle and the signal recognition particle
pG64 to SRP54 or Sec61a. After a 5 min incubation at 258C, the receptor. J. Cell Biol. 123, 799±807.
cross-linking reactions were quenched by adjustment to 100 mM
Connolly, T., Rapiejko, P.J., and Gilmore, R. (1991). Requirement ofglycine (pH 8.7).
GTP hydrolysis for dissociation of the signal recognition particle
from its receptor. Science 252, 1171±1173.
SRP-SR Complex Formation Assay
Crowley, K.S., Reinhart, G.D., and Johnson, A.E. (1993). The signalThe SRP-SR complex formation assay using SRP-RNCs as the
sequence moves through a ribosomal tunnel into a noncytoplasmicsource of SRP is based upon our previous method (Rapiejko and
aqueous environment at the ER membrane early in translocation.Gilmore, 1992). The protease-digested PK-RM were reconstituted
Cell 73, 1101±1115.with in vitro translated 35S methionine-labeled SRa as described
Gilmore, R., Blobel, G., and Walter, P. (1982). Protein translocation(Rapiejko and Gilmore, 1992). Free NTPs were removed from the
across the endoplasmic reticulum. I. Detection in the microsomalreconstituted microsomes bearing 35S methionine-labeled SRa by
membrane of a receptor for the signal recognition particle. J. Cellchromatography on 1 ml sepharose CL-2B columns equilibrated in
Biol. 95, 463±469.50 mM TEA, 150 mM KOAc, 5 mM Mg(OAc)2, 0.002% Nikkol, and 3
mM DTT. To prepare SRP-RNCs, the pG64 mRNA transcript was GoÈ rlich, D., Prehn, S., Hartmann, E., Kalies, K.-U., and Rapoport, T.A.
translated at 258C for 15 min in a wheat germ reaction with 60 nM (1992). A mammalian homologue of Sec61p and SecYp is associated
SRP but lacking 35S methionine. The SRP-RNCs were separated with ribosomes and nascent polypeptides during translocation. Cell
from unbound SRP by centrifugation through a high-salt sucrose 71, 489±503.
cushion (Raden and Gilmore, 1998). Aliquots of the SRa-reconsti- GoÈ rlich, D., and Rapoport, T.A. (1993). Protein translocation into
tuted microsomes were incubated for 20 min at 258C with the purified proteoliposomes reconstituted from purified components of the ER
SRP-RNCs in the presence of 100 mM GTP or Gpp(NH)p, adjusted membrane. Cell 75, 615±630.
to 300 mM KOAc, and solubilized for sucrose density gradient cen-
Hanein, D., Matlack, K.E.S., Jungnickel, B., Plath, K., Kalies, K.-U.,
trifugation to separate free SR from SRP-SR complexes (Rapiejko
Miller, K.R., Rapoport, T.A., and Akey, C.W. (1996). Oligomeric rings
and Gilmore, 1992). Radioactive SRa in the gradient fractions was
of the Sec61p complex induced by ligands required for protein
quantified after PAGE in SDS. The percentage of Gpp(NH)p stabi-
translocation. Cell 87, 721±732.
lized SRP-SR complex 5 100 3 (% SRa in fractions 7±12) / [(% SRa
Jungnickel, B., and Rapoport, T.A. (1995). A posttranslational signalin fractions 1±6) 1 (% SRa in fractions 7±12)] after subtracting as
sequence recognition event in the endoplasmic reticulum mem-background the percentage of SRa that was recovered in fractions
brane. Cell 82, 261±270.7±12 in the presence of GTP.
Kalies, K.-U., GoÈ rlich, D., and Rapoport, T.A. (1994). Binding of ribo-
somes to the rough endoplasmic reticulum is mediated by theProtein Immunoblots
Sec61p-complex. J. Cell Biol. 126, 925±934.The procedure for protein immunoblots using ECL has been de-
Kalies, K.-U., Rapoport, T.A., and Hartmann, E. (1998). The b-subunitscribed (Raden and Gilmore, 1998). Multiple film exposures were
of the Sec61p complex facilitates cotranslational protein transportobtained to insure that the ECL signal was linear with respect to
and interacts with the signal sequence. J. Cell Biol. 141, 887±894.the quantity of antigen. A rabbit polyclonal antibody was raised
against the C terminus of Sec61a (KEQSEVGSMGALLF) using stan- Kellaris, K.V., Bowen, S., and Gilmore, R. (1991). Endoplasmic reticu-
dard procedures. lum translocation intermediates are adjacent to a non-glycosylated
34 kD integral membrane protein. J. Cell Biol. 114, 21±33.
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